Nitric oxide (NO) has been shown to inhibit platelet activation through an increase in cytoplasmic cGMP levels [1, 2] . Recent evidence suggests that the cGMP increase induced by insulin in human platelets, which accounts for the antiaggregatory effect of the hormone, is mediated by NO [3] . NO production within the platelet is made possible by the presence of a constitutive isoform of the enzyme nitric oxide synthase (NOS) , which has been recently isolated from human platelets [4] . Platelet NOS has a distinct molecular weight (150 kDa) and its amino acid sequence has been deduced from its mRNA sequence [4] .
Nitric oxide (NO) has been shown to inhibit platelet activation through an increase in cytoplasmic cGMP levels [1, 2] . Recent evidence suggests that the cGMP increase induced by insulin in human platelets, which accounts for the antiaggregatory effect of the hormone, is mediated by NO [3] . NO production within the platelet is made possible by the presence of a constitutive isoform of the enzyme nitric oxide synthase (NOS) , which has been recently isolated from human platelets [4] . Platelet NOS has a distinct molecular weight (150 kDa) and its amino acid sequence has been deduced from its mRNA sequence [4] .
Low levels of intraplatelet cGMP have been described in insulin-dependent diabetic (IDDM) subjects and it has been hypothesized that this alteration might account for the platelet hyperreactivity during the disease [5] . However, no data are available at present in the literature directly concerning the study of platelet NOS in human diabetes, which is accompanied by an enhanced platelet activation.
The aim of the present study was to investigate directly the platelet NOS activity in patients affected by IDDM and NIDDM and to look for possible relations with metabolic control. Moreover, we determined in the same subjects the platelet Na + /K + ATPase activity, as a relation has been hypothesized between this enzymatic activity and NO production in endothelial cells from diabetic rats [6] .
Subjects and methods
The study was performed on 19 IDDM outpatients (9 men, 10 women, age 34 ± 8 years, duration of disease 7 ± 5 years, fasting glycaemia = 9.5 ± 2.9 mmol/l, HbA 1c 9.0 ± 1.3 %, range 6.3--11.3 %), 21 NIDDM outpatients (10 men, 11 women, age 61 ± 7 years, duration of disease 5 ± 4 years, fasting glycaemia = 8.9 ± 2.8 mmol/l, HbA 1c 8.8 ± 1.6 %, range 6.1--11.9 %), and 31 healthy volunteers (15 men, 16 women, age 56 ± 12 years, fasting glycaemia = 4.3 ± 0.5 mmol/l, HbA 1c 4.9 ± 0.7 %). Each subject gave informed consent before the investigation. The diabetic subjects were normoalbuminuric and normotensive. All the subjects showed plasma lipid levels and body mass index within the normal range. Three IDDM patients and two NIDDM patients were affected by background retinopathy. The patients were receiving the same medications (oral agents for the treatment of diabetes for NIDDM, insulin regimen for IDDM). Blood was drawn in the fasting state for the determination of glucose, HbA 1 c levels, Na + /K + ATPase activity of the platelet plasma membrane, platelet NOS activity. HbA 1 c was measured by high-performance liquid chromatography according to the method of Akai [7] .
Na
+ /K + ATPase assay. The preparation of platelet plasma membranes was performed as we described previously [8] . Briefly, platelet-rich plasma was centrifuged for 15 min at 3000 × g. The pellet was washed twice in modified Tyrode©s buffer (pH 7.5) containing (mmol/l) 130 NaCl, 5 KCl, 1 NaH 2-PO 4 , 24 NaHCO 3 , 2 Na 2 EDTA, 12 glucose, 12.5 sucrose, and 0.35 % (w/v) bovine serum albumin. The cells were then lysed by ultrasonication and the lysate was centrifuged at 19 000 × g to eliminate unlysed platelets, mitochondria, and granules. The supernatant was centrifuged at 100 000 × g and the pellet obtained was layered over a 40 % (w/v) sucrose solution and centrifuged again at 100 000 × g for 120 min. The interface membrane subfraction, which consisted of plasma membranes, was used for the Na + /K + ATPase assay. Na + /K + ATPase activity was determined by a modification of the Kitao method [9] , as previously described [10] . Briefly, ATPase activity was assayed by incubating membranes at 37°C in (mmol/l) 5 MgCl 2 , 140 NaCl, 14 KCl, 40 Tris-HCl, pH 7.7. The ATPase reaction was started by the addition of 3 mmol/l Na 2 ATP. Inorganic phosphate (Pi) hydrolysed from this reaction was measured by the method of Fiske and Subbarow [11] .The ATPase activity assayed in the presence of 10 mmol/l ouabain was subtracted from the total Mg ++ -dependent ATPase activity to calculate the activity of Na + / K + -ATPase. Protein concentration was determined as described by Lowry et al. [12] using serum albumin as a standard.
NOS assay. NOS activity was measured spectrophotometrically by following the oxidation of oxyhaemoglobin (l max 426 nm) to methaemoglobin (l max 405 nm) by NO at 37°C, as previously described [4] . Oxyhaemoglobin was prepared by reduction. Briefly, human haemoglobin (60 mg; Sigma, St. Louis, Mo., USA) and sodium dithionite (120 mg) were dissolved in distilled water (2 ml) and gently agitated in a flat dish for 15 min. The haemoglobin mixture was then chromatographed on a column of Sephadex G-25 (1.5 × 30 cm). The reduced fraction, with its characteristic bright red colour, was isolated and stored frozen (--20°C). The NOS assay mixture consisted of 200 mmol/l CaCl 2 , 1 mmol/l MgCl 2 , 100 mmol/l L-Arg, 100 mmol/l NADPH, 1.6 mmol/l oxyhaemoglobin, 12 mmol/l (6R)-5,6,7,8-tetrahydro-L-biopterin dihydrochloride. The reaction was initiated with 50 ml of platelet homogenate which was mixed with the reaction medium with the aid of a glass plumper. The amount of NO produced was calculated from the decrease in absorbance at 426 nm (with an estimated extinction coefficient of 98 000 litres ⋅ mol
). NOS activity was expressed in pmol NO produced ⋅ min
Statistical analysis. The significance of differences was assessed by variance analysis. The correlation studies were performed by linear regression analysis, using Pearson©s coefficient of correlation.
Results
Platelet NOS activity was significantly reduced in both IDDM and NIDDM patients compared with control subjects (Table 1, p < 0.01). A significant negative correlation was found between HbA 1 c levels and NOS activity in IDDM (r = --0.76, p < 0.001, Fig. 1 ) and NIDDM subjects (r = --0.84, p < 0.001, Fig. 2 ), while no significant relation was observed between these parameters in healthy subjects. Fasting glycaemia and NOS activity were not related in any of the groups studied.
The Na + /K + ATPase activity of the platelet membrane was significantly lower both in IDDM and in NIDDM patients than in healthy subjects (Table 1 , p < 0.01). No statistically significant relation was found between Na + /K + ATPase activity and HbA 1 c levels in the groups studied (r = --0.41 in NIDDM, NOS and Na + /K + ATPase activity showed a significant positive relation in IDDM (r = 0.68, p < 0.001, Fig. 3 ) and NIDDM subjects (r = 0.61, p < 0.01, Fig. 4) , while no significant statistical relation was found in healthy subjects.
Discussion
The inhibition of platelet aggregation seems to be one of the primary biological roles of NO [13] , which can be synthesized within the platelets by NOS from L-arginine. In fact, the addition of L-arginine to a platelet suspension has been demonstrated to inhibit collagen-induced aggregation [1] .
In the present study a significant decrease in NOS activity was found in both IDDM and NIDDM patients. This observation is consistent with previous studies reporting an increased platelet aggregability in diabetes and a decreased cGMP concentration in IDDM patients [5] . Moreover, it confirms in human platelets the reduced capacity to synthesize NO that has been observed in other cell types, i. e. endothelial cells, in experimental [14] and human [15] diabetes.
The relation observed between glycated haemoglobin concentration and intraplatelet NOS activity in diabetic subjects suggests that a poor glycaemic control is accompanied by a decreased platelet NO production. Such a result seems consistent with the increased micro and macro angiopathic complications observed in poorly controlled diabetes, possibly related to platelet activation [16] . The lack of correlation between NOS activity and HbA 1 c in healthy subjects might be explained by the narrow range of HbA 1 c levels in this group, which would require a larger number of observations to detect a statistical significance.
The relation between HbA 1C and NOS suggests that glycation is involved in the reduced NOS activity in diabetes, while the lack of a correlation between glycaemia and NOS seems to indicate that the chronic exposure to high glucose levels is more relevant than the acute effects of hyperglycaemia. Both the hypotheses of a direct glycation of NOS and of an effect mediated by the glycation of calmodulin, which is known to modulate NOS activity [4] , must be taken into consideration. However, a possible role of insulin resistance or insulin deficiency cannot be excluded on the basis of the present data and of the reported stimulatory effect of insulin on NO production in platelets from healthy subjects [3] .
In addition, it must be underlined that high glycaemic levels might exert a direct action on NO produced by cells. In fact, during glucose autooxidation reactive oxygen species are formed, such as superoxide, hydrogen peroxide, and hydroxyl radicals [17] . NO is rapidly inactivated by superoxide anion which reacts to produce peroxynitrite (ONOO -), which is a strong oxidant able to cause lipid peroxidation and protein modifications [18] . The hypothesis that in diabetic patients NO is rapidly inactivated by the glucose-induced oxidative stress must therefore also be suggested.
Previous studies by our group reported a derangement in platelet ion transport through the plasma membrane during IDDM and NIDDM, with modifications of calcium cytosolic levels related to changes in the active sodium transport [19] . The activity of NOS is modulated by intracellular levels of calcium ions by means of changes in calmodulin concentrations [4] . It might therefore be hypothesized that the correlation observed in IDDM and NIDDM subjects between platelet NOS and Na + /K + ATPase activity is dependent on their common relation with intracellular calcium. The relation observed in the present work between these enzymatic activities is consistent with a previous study reporting that the decrease in vascular Na + /K + ATPase activity induced by hyperglycaemia in rabbit aorta is related, at least in part, to a decrease in the basal release of endotheliumderived NO [6] .
In conclusion, the present study demonstrates a decreased NO production in platelets from IDDM and NIDDM patients and suggests a relation between this alteration and glycaemic control. The modification in NOS activity might play a central role in the development of the increased platelet reactivity in human diabetes mellitus and in the pathogenesis of diabetic micro-and macroangiopathy.
